Objective: To construct a neonatal rat model of increased right ventricular (RV) afterload for studying the pathophysiological remodeling of the right ventricle in patients with congenital heart disease with increased RV afterload.
Immature myocardium is different from mature myocardium in many aspects. However, our current understanding of neonatal right ventricular (RV) remodeling relies on knowledge gained from adult models. Here we show that it is feasible to generate a neonatal increased RV afterload rat model by banding the pulmonary artery within 6 hours after birth. We believe that this new model will greatly facilitate neonatal RV remodeling research.
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Increased right ventricular (RV) afterload and subsequent dysfunction are often encountered in patients with 3 types of congenital heart disease: pulmonary artery (PA) hypertension associated with left-to-right shunt, RV outflow obstruction (as in, eg, tetralogy of Fallot), and systemic RV. Increased RV afterload initially results in compensated or adaptive hypertrophy, but persistent abnormal afterload will lead to decompensated or maladaptive RV hypertrophy and then RV dysfunction, a condition in which the right ventricle is symptomatically unable to fill or eject properly. Although RV remodeling under increased afterload has been studied extensively in adults, [1] [2] [3] [4] the mechanisms of RV hypertrophy and dysfunction in childhood are poorly understood owing to the lack of an appropriate model.
It is well known that immature and mature myocardium differ in quite a few biochemical and physiological aspects. 5 For example, immature myocardium is more dependent on glycolysis for ATP production due to abundant intracellular glycogen granules and more reliant on extracellular calcium for excitation-contraction coupling and intracellular calcium homeostasis. [6] [7] [8] [9] Several recent studies have shown that mammalian heart can regenerate through cardiomyocyte proliferation within 1 week after birth in response to physical or ischemic lesions. 10, 11 Given all these different biological characteristics of immature myocardium, the knowledge gained from adult models might not completely comply with the remodeling of immature myocardium. Therefore, a reliable model that can recapitulate the pathophysiological status of increased RV afterload from the beginning of postnatal life is desirable.
Current increased RV afterload models are established either by hypoxia/monocrotaline-induced pulmonary hypertension or by PA trunk constriction in young large animals. [12] [13] [14] [15] [16] Neither of these methods produces increased RV afterload immediately after birth, however. The former takes weeks to develop pulmonary hypertension, and the latter has never been reported in postnatal day 0 (P0) large animals. Even if PA banding (PAB) could be performed in P0 large animals, the cost and time for detailed molecular studies would make it a daunting task.
Recently, several common cardiac surgeries, including coronary artery ligation and apical resection, were successfully performed in neonatal rodents. 10, 11 Thus, we wonder whether the more complicated PAB procedure could be implemented in neonatal rodents.
In this study, we generated the first neonatal increased RV afterload rat model by constricting the PA within 6 hours after birth. Increased RV afterload and myocardial hypertrophy were confirmed by echocardiography, hemodynamic measurements, magnetic resonance imaging (MRI), and histology at P7. In doing so, we successfully simulated the pathophysiological status of increased RV afterload on immature myocardium, and the powerful genetic manipulation techniques available for rodents will further facilitate the molecular studies in RV remodeling.
MATERIALS AND METHODS Animals
The surgical protocols followed in this investigation were approved by the Animal Care and Use Committee of Shanghai Children's Medical Center. PAB and sham operations were performed on neonatal SpragueDawley rats within 6 hours after birth and in adherence with the guidelines from the Committee for the Care and Use of Laboratory Animals.
Pregnant Sprague-Dawley rats were purchased from Xipu'er-bikai Experimental Animal Co, Ltd (Shanghai, China). At 6 hours after birth, the rat neonates (both males and females) were randomized to 2 groups: the experimental group (PAB group), comprising 30 neonatal rats that underwent PAB surgery, and the control group (sham group), comprising 30 neonatal rats that underwent same procedure except for the banding step.
Postoperative measurements, such as echocardiography studies, MRI evaluation, and histology, were conducted blindly. Twelve rats (6 for the VIDEO 1. Constriction of the PA in a 4-hour-old rat. Following a transverse skin incision, horizontal thoracotomy at the third intercostal space was performed by dissecting intercostal muscles and cutting the sternum. After the pericardium was opened, the PA was separated from the aorta with micro scissors. A 11-0 nylon thread was positioned under pulmonary artery and a 30-Gauge needle was placed upon the pulmonary artery. The pulmonary artery and needle were then tied together. When the needle was removed, a fixed constricted opening was created. The sternum and thoracic wall were sutured with a 9-0 nylon thread. Afterward, the neonates were placed under a heat plate to warm up. Finally, the natural movements and a red/pink complexion were achieved. Video available at: http://www.jtcvsonline.org/ article/S0022-5223(17)31192-3/addons.
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sham group and 6 for the PAB group) were used first for echocardiography studies and then for hemodynamic measurements. Afterward, hearts were rapidly excised for histological analysis. The other 12 rats (6 in the sham group and 6 in the PAB group) were used for MRI evaluation. The remaining 36 rats were used for analyses presented elsewhere.
Surgical Protocol
PAB surgery was performed on the neonatal rats within 6 hours after birth (Video 1). Neonates were anesthetized by an approximately 4 minutes of direct cooling, which led to asystole and reversible apnea and prevented excessive blood loss during surgery. 17 They were then transferred to an ice bed and fixed in the supine position under a stereomicroscope. Following a transverse skin incision, a horizontal thoracotomy at the third intercostal space was performed by dissecting the intercostal muscles and cutting the sternum. After the pericardium was opened along the main PA, the PA was carefully separated from the aorta under a stereomicroscope with microsurgical scissors. A 11-0 nylon thread was positioned under the PA, and a 30-gauge needle (0.31 mm diameter) was placed on the PA. The PA and needle were then tied together by the thread. When the needle was removed, a fixed constricted opening equal to the diameter of the needle was created in the PA lumen. The sternum and thoracic wall were sutured with a 9-0 nylon thread. Afterward, the neonates were removed from the ice bed and placed under a 37 C heat plate to warm for several minutes until natural movements and a red/pink complexion were achieved. The neonates were then returned to their mothers. The entire procedure lasted approximately 17 minutes. The sham group underwent the same procedure except for the banding step.
Transthoracic Echocardiography
To confirm PA stenosis, transthoracic echocardiography was performed at 7 days after the surgery. Rats were anesthetized with isoflurane gas in a chamber (isoflurane/oxygen: 5% induction) and placed in a supine position. The rats were allowed to breathe spontaneously through a nasal cone (isoflurane/oxygen: 1.5%-2.0% maintenance). Echocardiograms were analyzed with a Vevo2100 imaging system (Visual Sonics, Toronto, Ontario, Canada) equipped with a 25-MHz transducer (MS400 MicroScan transducer; Visual Sonics). In addition, a long-axis view of the PA was used to measure the peak pressure gradient (PPG) across the PA constriction by continuous wave Doppler. All measurements were performed by an experienced ultrasound technician and recorded as the average of 3 consecutive cardiac cycles.
Hemodynamic Measurements
After transthoracic echocardiography, hemodynamic assessment of the right ventricle was performed by cardiac catheterization. In brief, neonates were anesthetized by inhalation of isoflurane (5% induction, 2%-3% maintenance), intubated, ventilated, and placed in the supine position. After a median sternotomy and pericardiotomy, the right ventricle was punctured with a 27-gauge needle. A 4.5-mm conductance catheter (Millar Instruments, Houston, TX) was inserted into the hole and positioned in the outflow tract to measure RV pressures. Data were recorded using a Power Lab system (AD Instruments, Colorado Springs, CO) and analyzed using LabChart 7.0 software (AD Instruments).
Histology
Hearts were harvested and fixed in 4% paraformaldehyde overnight at room temperature, then dehydrated in ethanol series, embedded in paraffin, and sectioned into 6-mm slices. Hematoxylin and eosin (H&E) staining was performed according to the standard procedure for routine light microscopy examination.
Cardiac MRI
Cardiac MRI was performed with a 7-T Bruker Biospec 7T/20 cm scanner (Bruker, Ettlingen, Germany) equipped with a 300-mT/m gradient system and IntraGate self-gating tool (Bruker). Neonatal rats were anaesthetized by isoflurane (5% induction, 1.5%-2.0% maintenance) and respiratory rate was monitored continuously. The following imaging parameters were applied in image acquisition: field of view, 2.50 3 2.50 cm; repetition time, 10.0 ms; echo time, 1.6 ms; matrix, 128 3 128; slice thickness, 1.0 mm; repetitions, 8; resolution, 0.0218 mm/pixel. All images were analyzed in OsiriX (DICOM viewer, version 3.5; Pixmeo, Geneva, Switzerland). The cardiac plane was localized by scout images detecting the 2-and 4-chamber views of the heart. Next, RV end-diastolic and RV FIGURE 1. Illustration of the surgical technique for PAB (arrow). RAA, Right atrial appendage; Ao, aorta; PA, pulmonary artery; DA, ductus arteriosus; LAA, left atrial appendage. FIGURE 2. Echocardiographic images at P7 after sham and PAB surgery in neonatal rats. A, The PAwas detectable by echocardiography. The yellow arrow indicates the constriction site in the PA. B, Graphical comparison of the peak pressure gradient across PA constriction measured by transthoracic echocardiography between the sham and PAB groups. Data are presented as mean AE SD. Statistic analysis was done using the 2-tailed Student's t test. **P <.01. The power value was 0.99 with a set at 0.05. PAB, Pulmonary artery banding; PA, pulmonary artery; LPA, left pulmonary artery; RPA, right pulmonary artery; Ao, aorta; PPG, peak pressure gradient.
end-systolic images were acquired with a multislice short-axis view of the right ventricle. Six contiguous axial slices were acquired for complete coverage of the left and right ventricles. The midpoint of the right ventricle on the fourth slice (starting from the apex) was used to measure RV free wall thickness (RVWT), RV end-diastolic diameter, left ventricular free wall thickness (LVWT), and septum thickness. RV volume was calculated by measuring all the contiguous axial slices of the RV chamber.
Quantification and Statistical Analysis
Quantitative data are presented as mean AE SD. Statistical analyses were performed with the 2-tailed Student's t test for normally distributed groups. P <.05 was considered to indicate significance. Power calculations were performed to confirm statistical significance, with a set at 0.05.
RESULTS

Survival
To study the neonatal RV remodeling in response to increased afterload, we performed PAB within 6 hours of birth. Under hypothermia anesthesia, the main PA was irreversibly constricted to a diameter of 0.31 mm with the nylon thread ( Figure 1) . The survival rate after surgery was approximately 92%; 5 pups (3 in the PAB group and 2 in the sham group) were unable to wake up after surgery.
Ten rats (6 in the PAB group, 4 in the Sham group) died of maternal cannibalization over the next 2 days, and 45 rats remained alive at P7; therefore, the survival rate was reduced to 75% at P7. Lethality was higher in the PAB pups compared with the sham pups.
Echocardiographic Study
PA constriction could be detected in rats that had undergone PAB surgery (Figure 2, A, arrow) . Irregular color patterns observed at the constriction site and poststenosis area indicate stenosis-induced fast turbulent flow (Figure 2, A) . A long-axis view of the PA was used to measure the PPG across the PA constriction by continuous wave Doppler. An average 18-fold increase in the PPG across the PA constriction site was noted in the PAB group compared with the sham group at P7 (Figure 2, B) . Specifically, at P7, the PPG across the PA constriction was 29.21 AE 3.17 mmHg in the PAB group, but only 1.63 AE 0.11 mmHg in the sham group (Figure 2, B) , indicating significantly increased RV afterload following PAB surgery.
Hemodynamic Study
Hemodynamic assessment of RV was performed by cardiac catheterization. The results showed an average 4-fold increase in RV systolic pressure (RVP systolic ) in the PAB group at P7 (Table 1) . Specifically, mean RVP systolic in the PAB group at P7 was 33.25 AE 3.04 mmHg, significantly higher than the 8.25 AE 0.61 mmHg in the sham group (Table 1) . Consistently, mean RV diastolic pressure (RVP diastolic ) was 6.64 AE 0.79 mmHg in the PAB group, compared with only 2.77 AE 0.45 mmHg in the sham group (Table 1) . These results indicate the successful establishment of increased RV afterload and subsequent RV pressure increase as early as P7 after PAB in neonates.
Cardiac MRI Results
To evaluate the effect of the PAB surgery on RV structure and function, we used MRI to visualize the right ventricle at P7. In contrast to the sham group, the PAB rats exhibited dramatic increases in RV end-systolic volume, RV enddiastolic volume, and RV end-diastolic diameter, indicating significant RV dilation after the PAB surgery (Figure 3 , A-F). To accurately evaluate the degree of RV hypertrophy in response to PAB, we normalized RVWT to LVWT or septum thickness. The results show significantly increases in RVWT/LVWT and RVWT/septum thickness ratios in neonatal PAB rats at P7 compared with the sham rats, but not in LVWT/septum thickness ratio (Table 2) . Overall, PAB could cause significant RV dilation and hypertrophy as early as 7 days after surgery.
Histological Examination of Hearts
To clarify the histological changes of the sham and PAB hearts, we performed H&E staining for microscopic examination. In a gross view, the PAB heart was significantly enlarged at P7 (Figure 4, A) , particularly in the infundibulum portion of the right ventricle under the PA (Figure 4, A, arrow) . Consistent with MRI results and the gross view, we also observed a thickened RV free wall in the PAB heart (Figure 4, B) . Furthermore, in the highermagnification H&E-stained sections, we noted slightly disorganized myocardial fibers, enlarged cardiomyocytes, and enlarged nuclei in the PAB heart (Figure 4, C) , indicating cellular remodeling in the neonatal PAB heart.
DISCUSSION
The lack of a neonatal RV overload model has hindered our understanding of how neonatal RV reacts to the pathophysiological conditions in numerous congenital heart diseases. Here, with current neonatal surgery techniques, we successfully established a neonatal increased RV afterload model by banding the PA within 6 hours after birth. Different from current PAB models, the new model induces an acute RV afterload increase immediately after birth; therefore, it can be used to study the remodeling mechanism of neonatal myocardium. Compared with the adult PAB model, the progress of RV remodeling in neonatal PAB rats is much faster. All of the surviving PAB rats at P7 developed significant RV hypertrophy, whereas it usually takes 2 weeks to observe significant RV hypertrophy in adult PAB models. 18, 19 The extent of RV hemodynamic changes also was more dramatic in neonatal PAB rats. Compared with the approximate 2-fold increase in adult PAB rats, 18, 19 an average 4-fold increase of RVP systolic is noted in neonatal PAB rats. Interestingly, although the neonatal PAB rates had a greater fold change in RVP systolic , they had less change in end-diastolic volume. Specifically, neonatal PAB rats had an average 1.35-fold increase in end-diastolic volume, compared with the average 2-fold increase in end-diastolic volume noted in adult PAB rats. 18 All of these discrepancies suggest that different cellular and molecular mechanisms function in neonatal RV remodeling, which will require further molecular studies with this newly established model.
In this study, the survival rate at P7 was 70% for the PAB group and 80% for the sham group. This indicates that neonatal rats are quite tolerant of the PAB procedures, although it takes significantly longer than apical resection procedures (approximately 17 minutes vs 10 minutes). Extra care should be applied during PA dissection All data are presented as mean AE SD. Statistical analyses were done using the 2-tailed Student's t test (6 for the sham group and 6 for the PAB group). P<.05 is considered significant. The power values of ratios of RVWT/LVWT, RVWT/septum thickness, and LVWT/septum thickness were 0.99, 0.99 and 0.88, respectively, with a set at 0.05. PAB, Pulmonary artery banding; RVWT, right ventricular free wall thickness; LVWT, left ventricular free wall thickness. *P <.01. to avoid damaging the great arteries, which are quite fragile at the neonatal stage. For this reason, we chose to perform this step under a stereomicroscope. In addition, to provide a larger operating space, horizontal thoracotomy was performed by dissecting the unilateral intercostal space and also cutting the sternum along the intercostal space. Some caveats in our studies must be mentioned, however. First, a fixed orifice constriction in P0 neonates severely constrains the pulmonary blood flow increase concomitant with rapid postnatal growth, which would limit the time range of changes before the neonate goes into circulatory decompensation due to severe constriction. Second, hemodynamic measurements were obtained under anesthesia and with the chest and pericardium open, both of which can alter pressure measurement values. 20, 21 Third, the PPG across the PA constriction site was measured by ultrasonography. Although the correlation of Doppler-estimated maximal gradient to peak-to-peak catheterization gradient is linear, studies have showed that Doppler measurement usually leads to a systematic overestimation of pressure drop. 22 Fourth, postoperative analgesia was not applied.
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